important role for regulating host anti-viral response through the binding to IPS-1 and inhibition of IFNβ production.
Influenza A virus, which belongs to the Orthomyxoviridae, is a negative sense, single-stranded RNA virus, which causes respiratory disease in humans. Influenza A virus carries eight segmented RNA as its genome, and viral proteins are translated from viral mRNA transcripted by the RNA dependent RNA polymerase of influenza A virus. The influenza A virus polymerase complex is a heterotrimer consisting of PA (polymerase acidic protein), PB1 (polymerase basic protein 1) and PB2, and each component is crucial in order for the virus to replicate (1) .
Type I interferons (IFNs) represented by IFNα and IFNβ are known to be important factors in the activation of host defensive mechanisms against invasion of exogenous pathogens. Type I IFNs are produced by various cells, and activate transcription of IFN-stimulated genes (ISGs) through the IFNα receptor, Janus kinases (JAK) and activator of transcription (STAT) proteins (2, 3) . Production of ISGs is also important in the acquisition of resistance to influenza A virus infection. For instance, mouse Mx1 (myxovirus resistance 1) or its human homologue MxA, which is known to be a member of the ISGs, displays a strong antiviral activity against influenza A virus infection by overexpression (4) (5) (6) .
The induction pathway for Type I IFN is activated by cellular sensors, which recognize exogenous pathogens such as Toll-like receptor (TLR) family receptors (7, 8) . Recently, the gene products of RIG-I (retinoic acid-inducible gene I) and MDA5 (melanoma differentiation-associated gene-5) were identified as intracellular RNA sensors, which are responsible for the activation of IFN induction in cells infected with viruses (9, 10) . These molecules recognize distinct viruses in each other (e.g. RIG-I recognizes Flaviviridae, Orthomyxoviridae, Paramyxoviridae and Reoviridae, whereas MDA5 recognizes Picornaviridae) (11) (12) (13) , and bind to IPS-1 (IFNβ promoter stimulator 1; also called MAVS, Cardif, VISA). IPS-1 is known to be a downstream mitochondrial adapter protein that transmits the induction signal of type I IFN through the activation of transcription factors IRF3 (IFN regulatory factor 3), IRF7 and NF-κΒ (nuclear factor κΒ) (14) (15) (16) (17) . These molecules are assumed to be physiologically important in the inhibition of viral replication; in fact, the functions of these molecules are inhibited by a variety of viruses (18) (19) (20) (21) (22) . In addition, MEFs (mouse embryonic fibloblasts) derived from IPS-1 deficient mice do not completely produce type I IFN against influenza A virus infection (23) . Therefore, the intracellular induction pathway for type I IFN is also thought to be important for the host defense against influenza A virus infection through the activation of an immunoresponse, especially at the early phase of infection. Previously, it has been reported that influenza A virus NS1 (nonstructural protein 1) binds to RIG-I and prevents IPS-1 mediated type I IFN production (24) (25) (26) (27) . On the other hand, an earlier study using a UV-irradiated virus suggested that the influenza viral RNA polymerase is also responsible in the inhibition of type I IFN production (28) . A viral RNA polymerase recognizes cap-structure at the 5'-end of host mRNA and snatches it as a primer for viral mRNA synthesis (29, 30) . Since this function of a viral RNA polymerase causes shutoff of host protein synthesis by decreasing the mature mRNA level, the inhibitory activity of IFN production by the influenza A virus polymerase has been assumed to be dependent on this 'cap-snatching' activity. However, there is no direct evidence to support this hypothesis.
In this study, we report that the influenza A virus RNA polymerase performs the function of inhibition of the intracellular induction pathway for type I IFN by binding to IPS-1 independently of its cap-snatching activity. In addition, we show that this inhibitory function is mainly dependent on the PB2 subunit of a viral polymerase, and the expression of IFNβ mRNA induced after influenza A virus infection is inhibited by the expression of the PB2 protein.
EXPERIMENTAL PROCEDURES
Cell culture and transfection-The human embryonic kidney cell line HEK293 was maintained in Dulbecco's modified Eagle's medium (D-MEM; Sigma, St. Louis, MO) supplemented with 10% FCS, 100 units/ml penicillin and 100 µg/ml streptomycin, and grown at 37 °C with 5% CO 2 . Transfections were performed by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's protocols.
Antibodies-The specific antibodies used in this study, rat anti-HA monoclonal antibody (3F10; Roche, Mannheim, Germany), mouse anti-FLAG M2 monoclonal antibody (Sigma), mouse anti-myc monoclonal antibody, rabbit anti-IPS-1 polyclonal antibody (Alexis Biochemicals, San Diego, CA), rabbit anti-IRF3 monoclonal antibody (D83B9; Cell signaling technology, Beverly, MA), and rabbit anti-phospho-IRF3 (Ser396) monoclonal antibody (4D4G; Cell signaling technology) were purchased as commercially available products. The information for the specific antibodies raised against influenza A virus PA (clone 58/1), PB1 (clone 11/3) and PB2 (clone 143/3) is described elsewhere (31, 32) . Vector construction-To construct expression plasmids, the coding regions of PB2 from various strains were amplified from the infectious clones by PCR. A series of the expression vectors for FLAG-tagged deletion mutants of PB2 were constructed by PCR from PB2 cDNA derived from an influenza virus strain A/Puerto Rico/8/34 (H1N1; PR8). PA, PB1 and NS1 coding regions were then obtained from the total RNA of PR8-infected cells by RT-PCR, and these amplified cDNAs were inserted into the cloning vectors to express epitope-tagged protein designated pcDNA5/FRT/FLAG, pcDNA5/FRT/HA and pcDNA5/FRT/MYC respectively. These cloning vectors were generated by an insertion of synthetic oligonucleotide, which encoded the peptide sequence for the epitope tag to pcDNA5/FRT (Invitrogen). The retrovirus vector carrying the PB2 gene was constructed by an insertion of the fragment encoding full length PB2 derived from the expression plasmid into pMXs Puro (Cell Biolabs, San Diego, CA). The expression vectors for Flag and HA-tagged IPS-1, RIG-I and MDA5 were described previously (16) , and p125 luc, which carries the firefly luciferase gene under the control of an INFβ promoter, is described elsewhere (33) . pcDNA 3.1(+) TLR3 carried full-length of the cording region of the human TLR3 gene was constructed by RT-PCR. The full length of M segment genome cDNA was amplified by RT-PCR, and cloned into a pCR blunt II TOPO cloning vector using a Zero blunt II TOPO PCR cloning kit (Invtrogen). pBS HCV 1B IRES carried hepatitis C virus type 1B 5' untranslated region was kindly provided by A. Nomoto (Univ. of Tokyo, Japan). Please contact us to obtain more detailed vector information. Luciferase assays-Luciferase activities were quantified with a luminometer (Mtharas LB940; Berthold, Bad Wildbad, Germany) using the Dual-Glo Luciferase Assay System (Promega, San Luis Obispo, CA) in accordance with the manufacturer's instructions. Single stranded RNA used in this study to stimulate RIG-I was synthesized by in vitro transcription using MEGAscript T7 Kit (Applied biosystems, Foster City, CA) from the vector carrying the HCV 5' UTR and influenza virus M segment cDNA downstream of T7 promoter. These RNA were purified by using MEGAclear Kit (Applied biosystems) according to the manufacturer's protocols. Poly I:C, the synthetic double stranded RNA used to stimulate MDA5 and TLR3, was purchased from commercially available products (SIGMA). IFNβ promoter activities were measured by firefly luciferase activity of the reporter plasmid carrying human IFNβ promoter region, p125 luc, and activations of NF-κB were monitored by pNF-κB-luc (Stratagene, La Jolla CA), which carries a synthetic promoter containing direct repeats of the NF-κB recognition sequence. The quantified results were normalized with the Renilla luciferase activities of the internal control vector (pGL 4.74; Promega). Immunoprecipitation-To analyze a binding of transiently expressed proteins, the expression plasmids indicated in the figures were transfected into HEK293 cells, and the cells were then harvested and lysed by RIPA buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 % NP-40, 1 % sodium deoxycholate, 0.1 % SDS) supplemented with a protease inhibitor cocktail (Complete Mini; Roche). After the cell debris was removed by centrifugation, the lysates were subjected to immunoprecipitation using anti-FLAG M2 agarose (SIGMA) . To analyze the binding of viral polymerase to the IPS-1 protein in virus-infected cells, the HEK293 cells were infected with PR8 virus strain (MOI=2). After 8 hrs, the cells were harvested and were lysed with RIPA buffer supplemented with the protease inhibitor cocktail. The cell lysates were immunoprecipitated with anti-PB2 monoclonal antibody and protein G-Sepharose (GE Healthcare, Piscataway, NJ). The resins were washed five times with RIPA buffer and eluted binding proteins by boiling for 5 min. with 2 x SDS-PAGE gel-loading buffer (125mM Tris-HCl (pH 6.8), 5% β-mercaptoethanol, 4% SDS, 20% glycerol, 0.01% Bromophenol blue).
RT-PCR-Quantitative and semiquantitative
RT-PCR for endogenously expressed IFNβ was carried out as described previously (34) . Total cellular RNA was extracted with TRIzol reagent (Invitrogen) according to the manufacturer's protocol. The isolated RNA was treated with RNase free DNase I (Roche, Mannheim, Germany), and subsequently synthesized cDNA by reverse transcriptase (ReverTra Ace; Toyobo, Osaka, Japan) using random hexamer. Realtime PCRs were performed using SYBR Premix Ex Taq II (Takara, Otsu, Japan) and quantified by Mx3000P quantitative PCR System (Stratagene). Virus infection-HEK293 cells were transfected with 2 µg of expression vector for intact PB2. After 35 hrs, the cells were infected with influenza virus A/Aichi/2/1968 (H3N2; Aichi) strain (MOI=2), and incubated with D-MEM containing 1 % BSA and 0.5 µg/ml trypsin for 3 hrs. Subsequently, the cells were harvested and subjected to RT-PCR and western blotting analysis. were transfected into HEK293 cells, and the whole cell extracts prepared from the cells were subjected to immunoprecipitation using anti-FLAG resin. As shown in Fig. 1 Next, we examined the effect of the expression of these subunits on the activation of the IFNβ promoter by stimulation with exogenous RNA by using a reporter gene assay. The results show that activation of IFNβ promoter mediated by MDA5 or RIG-I was significantly inhibited by the overexpression of the viral RNA polymerase complex ( Fig. 2A and 2B ), whereas TLR3 mediated activation of the IFN promoter was not influenced (Fig. 2C ). Since it has been reported that the conserved flanking sequence lying on viral genomic RNA is required for the activation of the cap-snatching function of the influenza A virus polymerase (37) (38) (39) , it was assumed that stimulation by both HCV 5' UTR and poly I:C could not activate cap-snatching activity. Therefore, we concluded that the inhibitory effect of a viral polymerase on RIG-I mediated IFNβ promoter activation was independent of its cap-snatching function. This conclusion is also supported by the finding that the expression of a viral polymerase did not inhibit TLR3-mediated IFNβ promoter activation.
RESULTS

Inhibition of activation of intracellular induction
Although subcellular localization of RIG-I or MDA5 are different from that of TLR3, the overall induction pathway for type I IFN by RIG-I and MDA5 is mediated by the same signaling molecules as the pathway mediated by TLR3. These molecules transduce the signals to the same transcription factors, IRF3, IRF7 and NF-κB, mediated by the intermediate signaling molecules such as TBK1 (TANK-binding kinase 1) and IKKε (IκΒ Kinase ε) (40, 41) . Therefore, our data, derived by using a reporter gene assay ( Fig. 2A , 2B and 2C), suggest that the targets of viral RNA polymerase are not these overlapping signaling molecules which inhibit the intracellular induction pathway for type I IFN. From these facts, we thought there is a possibility that the viral polymerase complex targets to IPS-1 and inhibits its function, because IPS-1 is an adapter molecule which binds RIG-I and MDA5, but not TLR3.
Initially, we investigated the effect of an expression of the influenza A virus polymerase to It is known that activation of the IFNβ promoter is regulated by IRF3, IRF7 and NF-κB (40, 41) , and NF-κB is involved in the induction of a variety of inflammatory cytokines, in addition to type I IFN (42) . Taking this into consideration, we used a reporter plasmid which carries the luciferase gene under the control of the synthetic NF-κB binding site (pNF-κB-luc; Promega), and evaluated the effect of the viral polymerase expression on IPS-1 induced NF-κB activation. The results show that the viral polymerase significantly inhibited NF-κB promoter activation induced by the IPS-1 overexpression (Fig. 2F ), but did not inhibited the activation induced by TNF-α stimulation (Fig. 2G ). TNF-α is known to be an inflammatory cytokine belonging to the TNF superfamily, and also known to be a strong NF-κB inducer which activates a signaling pathway distinct from the IPS-1-mediated signaling pathway (43) .
Finally, we examined whether IPS-1 mediated activation of IRF3 is inhibited by the expression of the viral RNA polymerase. It has been reported that Ser 396 residue of IRF-3 is phosphorylated by the infection of RNA viruses and the transfection of double-stranded RNA (44) , and is also phosphorylated by the overexpression of IPS-1 (16) . We evaluated the activation of IRF3 by monitoring the phosphorylation level of IRF3 at Ser 396 using its specific antibody. As shown in Fig.   2H , The results show that the phosphorylation of Ser 396 in IRF3 was increased by the IPS-1 overexpression, and was significantly inhibited by the expression of the viral RNA polymerase. These results suggest that the influenza A virus RNA polymerase has a activity to inhibit internal IFN induction pathway through the inhibition of IPS-1 function.
Inhibition of IPS-1 mediated induction of type I IFN through binding to IPS-1 by influenza A virus polymerase.
Considering the molecular mechanism for the inhibition of IPS-1-mediated signaling pathway, most simply we thought the possibility that viral RNA polymerase inhibits the IPS-1 function through the binding to the IPS-1. To examine the binding of a viral polymerase with IPS-1, we performed a co-immunoprecipitation assay. IPS-1 with PA, PB1 or PB2 was expressed in HEK293 cells, and the binding of IPS-1 with PA, PB1 or PB2 was analyzed. Each component of the influenza viral polymerase complex was co-immunoprecipitated with IPS-1 ( Fig. 3A and  3B ). These results indicated that all subunits of a viral RNA polymerase have the ability to bind with IPS-1.
Next, we investigated whether all components of viral polymerase bind to IPS-1 simultaneously. As shown in Fig. 3A and 3B, PA and PB2 were detected to have the same mobility by western blotting, and so it was difficult to distinguish between the two proteins. To resolve this problem, we constructed a myc-tagged PB2 expression vector. Expression vectors for HA-tagged PA, PB1, myc-tagged PB2 and FLAG-tagged IPS-1 were transfected into HEK293 cells, and the cell lysates were immunoprecipitated by anti-FLAG resin. The results show that all components of the viral polymerase were co-immunoprecipitated with IPS-1 at the same time (Fig. 3C) . A viral polymerase forms a stable complex (1, 36, 45) , and we confirmed that the N-terminal epitope-tagged polymerase subunits used in this study are also able to form a complex (Fig.1) . From these results, it is likely that a viral polymerase binds to IPS-1 as a complex.
Finally, we investigated whether the viral polymerase binds to IPS-1 in virus-infected cells. The PB2 proteins in the lysates of the influenza virus-infected cells were immunoprecipitated with anti-PB2 monoclonal antibody, and co-immunoprecipitated proteins were analysed by western blotting. As shown in Fig. 3D , the results indicate that PA and PB1 subunits were largely co-immunoprecipitated with PB2, and IPS-1 was also co-immunoprecipitated together with these proteins. The data suggested that the PB2 subunit binds to IPS-1 in the virus-infected cells, and probably make a complex.
Dependence on PB2 in inhibition of IPS-1 mediated signaling pathway for induction of IFNβ by influenza A virus polymerase.
To investigate which subunit of viral polymerase is responsible for the inhibition of IPS-1 function, we examined the inhibitory activity of each polymerase subunit by using a reporter gene assay. Each polymerase subunit and NS1 were independently expressed in HEK293 cells together with RIG-I, and the cells were stimulated with single-stranded RNA (ssRNA) derived from influenza virus M segment.
The results indicated that IFNβ promoter activation by ssRNA was equally inhibited by each subunit of the viral polymerase (Fig. 4A ). However, the expression level of PB1 was higher than that of PA and PB2 (Fig. 4B ). In addition, the expression level of NS1 was higher than that of PA, PB1 and PB2. However the inhibitory activity of NS1 on IFNβ promoter activation was detected as stronger than that of each polymerase. Therefore, it may be assumed that the inhibitory effect of PB2 on IFNβ promoter activation was very strong. Next, we adjusted the amount of expression vectors for the transfection to equalize the protein expression level of each subunit, and then we tested their inhibitory effect on IPS-1-induced INFβ promoter activation. The results show that the relative inhibitory activity of PB2 on IFNβ promoter activation was depending on PB1/PB2 heterodimer and the viral polymerase complex (Fig. 4C) . To confirm this strong inhibitory activity of PB2 against the IPS-1 function, we investigated the inhibitory activities of each viral polymerase component on IPS-1 mediated activation of NF-κB by using a reporter gene assay. The results show that NF-κB activation by overexpression of IPS-1 was also most strongly inhibited by PB2 (Fig. 4D) . The amounts of transfected expression plasmids for viral polymerase subunits and NS1 were the same in this case. In addition, since NS1 binds to PI3K 
Inhibition of IFN induction by influenza A virus polymerase is independent of NS1 function.
It is known that NS1 inhibits the induction of IFN by binding to RIG-I, which is located upstream of IPS-1 and acts as a sensor molecule for viral RNA. To investigate whether the function of viral polymerase in the inhibition of IFNβ promoter activation is in cooperation with that of NS1, we transfected NS1 and each polymerase component at the same time and measured the inhibitory activity by using a reporter gene assay. The results show that inhibition of IPS-1 induced IFNβ transcription by the viral polymerase is enhanced by the expression of NS1 (Fig. 6A) . Therefore, it is indicated that the inhibitory function of the viral polymerase is independent of the NS1 function. Although we transfected fewer expression vectors for NS1 than for each polymerase component in this case, the protein expression levels of NS1 in the cells simultaneously transfected were detected, as were the protein expression levels of polymerase subunits, by western blotting (Fig. 6B) . Based on these data, we have concluded that the relative inhibitory activity normalized with the protein expression level did not significantly differ between NS1 and the viral polymerase.
Inhibition of IFNβ promoter activation by suppression of IPS-1 function by PB2 of various strains of influenza A virus.
In the experiments described thus far we used viral components derived from the PR8 strain, which belongs to the H1N1 subtype influenza virus. To confirm whether the RNA polymerase subunits of other strains of influenza A virus perform a similar function, we tested the inhibitory effect of influenza A virus PB2 derived from other strains on IFNβ promoter activation. Expression vectors for PB2 proteins from H1N1 influenza virus, A/ WSN/33 (WSN) and H5N1 highly pathogenic avian influenza virus, A/Hong Kong/483/97 (HK483) and A/Hong Kong/486/97 (HK486) were used for this assay, and the results show that PB2 derived from these strains also inhibited IPS-1 induced IFNβ promoter activation (Fig. 6C) . From these data, it can be assumed that the function of PB2 in the inhibition of IFNβ promoter activation is common to various influenza A viruses.
Modulation of cellular IFNβ gene activation induced by influenza A virus by expression of PB2.
To investigate whether the protein expression level of PB2 affects the inhibition of IPS-1 mediated IFNβ promoter activation, we monitored IPS-1 induced IFNβ promoter activities after the expression of various amounts of PB2. The results show that IPS-1 induced IFNβ promoter activation was inhibited by the expression of PB2 in a dose dependent manner (Fig. 7A) . This data suggests that the expression level of PB2 regulated the type I interferon production induced by influenza A virus infection. Fig. 7C and 7D) , and the expression level of NP gene was not significantly changed by the overexpression of PB2 (Fig. 7E) . These data suggested that the expression level of PB2 in virus-infected cells is involved in the inhibition of type I IFN response.
DISCUSSION
We show in this report that the influenza A virus RNA polymerase inhibits production of type I IFNs through binding to IPS-1 and suppression of its function. Interestingly, our findings reveal that influenza A virus inhibits the intracellular type I IFN inducing pathway by additional components that are distinct from NS1, and this indicates the physiological importance of this function in the protection of host cells against influenza A virus infection. The Influenza A virus NS1 protein is expressed more abundantly in the virus infected cells than is the viral polymerase (49, 50) . NS1 is known to be a multifunctional protein, and is important for the regulation of viral replications and inhibition of host anti-viral response (51) . Despite of its importance, the mutant virus which lacks NS1 cording region is able to replicate in interferon-deficient systems (52) , and the NS1 deficient virus-infected cells significantly increase production of type I IFNs. However, as suggested by the previous report using a UV irradiated virus, type I IFN production was increased by gene disruption by UV irradiation for NS1 deficient virus (28) . These findings suggest that the importance of the viral polymerase function in the inhibition of type I IFN production cannot be ignored. Since it is known that the type I IFN production pathway is enhanced in an autocrine manner (33, (53) (54) (55) , inhibitory activity of the interferon production pathway at the early phase of viral infection might be strongly reflected in the intensity of cellular antiviral responses at the late phase. Therefore, at the early phase of viral infection, at which time an insufficient amount of viral components exist in infected cells, viral polymerase activity to repress type I IFN response might play an important role in escape from host antiviral responses.
As shown in Fig. 4 , the PB2 subunit efficiently repressed IPS-1 mediated IFNβ promoter activation, when it was expressed in isolation.
And the results of combinational expression of each polymerase subunit revealed that activation of IFNβ promoter induced by overexpression of IPS-1 was strongly repressed by expression of the PB2-containing complex. Therefore, we have concluded that PB2 performs a central role in this inhibitory function. Interestingly, our results show that the activation of IFNβ promoter induced by IPS-1 was not inhibited by the combinational expression of PA and PB1, and the inhibitory activity was apparently weakened compared with its expression in isolation (Fig. 4C) . Previous report demonstrated that PA and PB1 are mainly localized in cytoplasm when these subunits were expressed alone, and are translocated into nucleus when these subunits formed a heterodimer (56) . These findings suggest that the cytoplasmic localization of PA and PB1 subunits are important for the inhibition of the IPS-1 function. On the other hand, PB2 is mainly observed in nucleus even when it is expressed alone. However, it has been reported that PB2 carries a mitochondrial targeting sequence at the N-terminus and also localizes in mitochondria (57) . Since IPS-1 is known to be localized in mitochondrial outer membrane, it is suggested that the PB2-containing complexes efficiently inhibit the IPS-1 function in this area. From these findings, mitochondrial/cytoplasmic localization of polymerase is thought to be required for the inhibition of IPS-1 function, and mitochondrial targeting sequence of PB2 is thought to be involved in the inhibitory function of the viral polymerase through the regulation of the subcellular localization.
It was reported that PB2 is a determinant in the difference in pathogenicity to mammalians between influenza virus HK483 and influenza virus HK483, both of which belong to the H5N1 subtype highly pathogenic avian influenza virus (58, 59) . However, no significant difference was observed in the inhibitory activity of PB2 derived from these virus strains. Although the inhibitory activity of PB2 on the IPS-1 function does not directly reflect the difference in the pathogenicity between these virus strains, the general expression level of the PB2 protein is influenced by its viral replication efficiency, and highly pathogenic influenza viruses are thought to replicate more efficiently than do low pathogenic viruses in the infected cells. As shown in Fig. 7A, PB2 repressed IPS-1 mediated IFNβ promoter activation in a dose dependent manner. In addition, the data shown in Fig. 7C -E suggest that the expression level of PB2 actually affects the amount of type I IFN production in cells infected by influenza A virus. Therefore, these results might explain part of the reason for the previously reported results which showed that the production of type I IFN was significantly repressed by highly pathogenic influenza virus infection, such as in the case of the 1918 Spanish flu (60) .
Molecular biological analysis revealed that the inhibitory action of NS1 on the type I IFN inducing pathway is dependent on its binding activity to double stranded RNA (24) . On the other hand, the inhibitory mechanism of viral polymerase seemed not to be dependent on its RNA binding activity, at least in the case of PB2, because PB2 could bind to IPS-1 and repress IPS-1-mediated INFβ promoter activation, even when its cap-binding region was deleted (61, Fig.  5A-C) . Moreover, PB2 binding activity to IPS-1 was not affected by a treatment with RNase A (Fig. 5D) . Therefore, it may be suggested that repression of the molecular functions of IPS-1 could be a very important function of the viral polymerase.
There is a possibility that IPS-1 is involved in other unknown signaling pathways, as are other adapter molecules such as MyD88 (myeloid differentiation protein-88), which works not only for the TLRs-mediated signaling pathway, but also for the interleukin-1 receptor signal (7, 8, 62, 63) . Recently, our work has shown that IPS-1 is also responsible in the inducement of anoikis, which is known to be an apoptosis induced by a loss of adhesion (64) . It may be suggested that a function of IPS-1 is to control cell-death that has been induced by various stresses, such as viral infection. Further investigation is required for the understanding of the biological importance of the interaction between IPS-1 and a viral polymerase on the pathogenicity of influenza A virus.
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The present work is supported by the Program of Founding Research Centers for Emerging and Reemerging Infectious Diseases from the Ministry of Education, Culture, Sports, Science, and Technology, Japan, and by a grant from the Japan Science and Technology Agency. Fig. 1 . The N-terminal epitope-tagged subunits of influenza A virus RNA polymerase also form the heterotrimer. Expression vectors for FLAG-tagged PB2 (1.6 µg), HA-tagged PA and PB1 (1.2 µg each) were transfected into HEK293 cells. After 24 hrs, the cells were harvested, lysed, and then the whole cell extracts were subjected to the co-immunoprecipitation assay using an anti-FLAG M2 agarose. After an additional 24 hr incubation, luciferase activities were measured by luminometer. C. PA (300 ng), PB1 (150 ng), PB2 (300 ng) and TLR3 (125 ng) expression plasmids were transfected with the p125 luc (100 ng) and pGL4.74 (25 ng) reporter constructs into HEK293 cells. After 24 hrs, the cells were treated with polyI:C (50 µg/ ml) for 12 hrs, and luciferase activities were measured. D. HEK293 cells were transfected with the p125 luc (80 ng) and pGL4.74 (20 ng) reporter constructs together with expression vectors for IPS-1 (50 ng) and each component of influenza virus RNA polymerase (200 ng). After a period of 24 hr incubation, luciferase activities were measured. Total amounts of DNA in each transfection were equalized by empty vectors. E. The expression vector for the FLAG-tagged IRF3 and each subunit for the viral polymerase were transfected into HEK293 cells with p125 luc and pGL4.74 plasmids. After 24 hrs, the activation of IFNβ promoter was analyzed by luciferase assay. F. The expression plasmids for FLAG-tagged IPS-1 (50ng) and each subunit of viral polymerase (250 ng) were transfected into HEK293 cells together with the reporter construct plasmids, pNF-κB luc (50ng) and pGL4.74 (50 ng). After 24 hrs, the activation of NF-κB was measured by luciferase assay. G. The expression plasmids for the FLAG-tagged each viral polymerase subunits (250ng) were transfected with pNF-κB (50ng) luc and PGL 4.74 (50ng) into HEK293 cells. After 24 hrs, the cells were stimulated by 25 ng/ml of TNF-α. After an additional 8 hr post-stimulation incubation period, activation of NF-κB promoter was analyzed by the luciferase assay. Data represent relative interferon β or NF-κB promoter activities which normalized transfection efficiencies with Renilla luciferase activities. Error bars indicating the standard deviation were calculated from at least three independent experiments. H. The expression plasmids for FLAG-tagged IRF3 (0.8 µg) and IPS-1 (40 ng) were transfected with expression vectors for the HA-tagged each subunits of influenza viral RNA polymerase (1.0 µg) into HEK293 cells. After 24 hrs, the cells were harvested and phosphorylation of IRF3 was analyzed by immunoblotting specific antibody against phospho-IRF3 (Ser 396 ). 5 µg) and HA-tagged PA (1.5 µg) and PB1 (0.6 µg) were transfected into HEK293 cells with 0.4 µg of expression plasmid for FLAG-tagged IPS-1. Whole cell extracts from the transfected cells were immunoprecipitated by using FLAG M2 agarose, and subjected to western blotting analysis. D. HEK293 cells were infected with influenza A virus PR8 strain (MOI=2). After 8 hrs, the cells were harvested, lysed, and then the lysates were subjected to immunoprecipitation using a mouse monoclonal antibody against PB2. The antibody which recognizes Ebola ZGP was used for the control. IPS-1 and each subunits of the viral polymerase were detected by using the specific antibodies. HEK293 cells were transfected with the expression vectors for the series of FLAG-tagged deletion mutants of PB2 (3.5 µg) together with the expression vector plasmid for HA-tagged IPS-1 (0.5 µg). At 24 hrs post transfection, the cells were harvested and subjected to an immunoprecipitation assay as described in Materials and Methods. C. The expression vectors for the HA-tagged IPS-1 (100 ng) and the series of FLAG-tagged deletion mutants of PB2 (400 ng) were transfected with p125 luc (80ng) and pGL 4.74 (20ng) into HEK293 cells. After 24 hrs, luciferase activities in the cells were quantified by the luminometer. Error bars indicating the standard deviation were calculated from at least three independent experiments. D. Expression vectors for HA-tagged IPS-1 (0.4 µg) and FLAG-tagged PB2 (3.6 µg) were transfected into HEK293 cells using FuGENE HD transfection reagent (Roche). The cells were harvested at 24 hrs post-transfection, and lysed with RIPA buffer. The lysates were then separated into two aliquots. One aliquot was treated with RNaseA at 4 °C for 2 hrs, while the other aliquot was left untreated. Both aliquots were then subjected to the immunoprecipitation. Western blotting analysis of whole cell extracts from the same transfectants. C. The expression constructs for IPS-1 (20 ng) and PB2 derived from various influenza virus strains indicated in the figure (500 ng) were transfected into HEK293 cells with p125 luc (64ng) and pGL 4.74 (16 ng). After 24 hrs, the luciferase activities were measured and part of the transfectants were harvested and subjected to western blotting analysis. The total amounts of DNA in each transfection were equalized by empty vectors. The data represent relative interferon β promoter activities which normalized transfection efficiencies with Renilla luciferase activities. Error bars indicating the standard deviation were calculated from at least three independent experiments. 
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